Analyses of sections from dated sediment cores were used to establish geographic distributions and temporal trends of chlorinated hydrocarbon contaminant levels in sediments from natural waters of the Hudson River basin. Radiometric dating was based primarily on the depth distribution of 137Cs in the cores and on the occurrence of detectable levels of 7Be in surface sediment samples. Eighteen sampling sites included several along the main stem of the Hudson, its major tributaries, and components of the New York/New Jersey (NY/NJ) harbor complex. Drinking-water reservoirs were sampled to place upper limits on atmospheric inputs. Core sections were analyzed for polychlorinated biphenyls (PCBs), 1,1,1-trichloro-2,2-bis(pchlorophenyl)ethane (DDT)-derived compounds, chlordane, and dioxins. Sediment concentrations of most contaminants at most sites have decreased significantly since the mid-1 960s. The data provide a basinwide perspective on major point-source inputs of PCBs to the upper Hudson River and of 2,3,7,8-tetrachlorodibenzo-p-dioxin and DDT to the lower Passaic River. Evidence was found for significant but poorly characterized sources of PCBs and chlordane to the western NY/NJ harbor, and of highly chlorinated dioxins to the upstream sites on the main stem of the Hudson. The results indicate that analysis of dated sediment samples is a most effective and efficient monitoring tool for the study of large-scale geographic and temporal trends in levels of particle-associated contaminants.
Introduction
Over the past 20 years, we have collected lakes and reservoirs, and the western NY/NJ several hundred sediment cores from natural harbor including Newark Bay and the waters in the Hudson River Basin together Hackensack and Passaic Rivers ( Figure 1 ). with the major tributaries to the New Radionuclide analyses were used to provide York/New Jersey (NY/NJ) harbor complex. dating information, and sections from cores Sampling sites included the main stem of with readily identifiable time horizons were the Hudson, its major tributaries, several analyzed for particle-associated pollutants . E-mail: boppr@rpi.edu Abbreviations used: DDD, 1,1-dichloro-2,2-bis(p-chlorophenyl)ethane; DDT, 1,1,1-trichloro-2,2-bis(pchlorophenyl)ethane; KAPL, Knolls Atomic Power Laboratory; NY/NJ, New York/New Jersey; OCDD, octachlorodibenzo-p-dioxin; PCB, polychlorinated biphenyl; TCDD, tetrachlorodibenzo-p-dioxin; U.S. EPA, U.S.
Environmental Protection Agency.
to provide contaminant chronologies. Publications resulting from this work [e.g., Bopp et al. (1) (2) (3) (4) ] have generally focused on a specific location (western NY/NJ harbor, the main stem of the Hudson, Jamaica Bay, etc.) and often on a particular contaminant or group of contaminants (polychlorinated biphenyls [PCBs] , dioxins, or trace metals).
In this paper, data are presented in a much broader geographical perspectivethat of the entire Hudson basin together with major tributaries to the NY/NJ harbor complex. Several chlorinated hydrocarbon contaminants are considered including PCBs, dioxins, 1,1,1-trichloro-2,2-bis(pchlorophenyl)ethane (DDT), and chlordane. A similar treatment of the trace metal data is being prepared. This perspective on contaminants in the Hudson provides insights useful to regulators and managers who must deal with diverse and complex issues ranging from food chain transport of these substances to humans, to the disposal of contaminated sediments dredged from the Hudson River and the NY/NJ harbor complex, to assessment of the impact of individual Superfund sites on the overall system.
Methods
The majority of sediment samples were collected with gravity or piston corers. A few of the more recent particle samples were suspended matter collected on precombusted quartz fiber filters using a largevolume in situ pumping system (5) . Radionuclide analysis of sediment core sections to obtain dating information was performed by nondestructive 'y-ray spectrometry (1) (2) (3) (4) . Extracts of dated core sections for PCB, chlorinated hydrocarbon pesticide, and dioxin analyses were prepared using soxhlet extraction and column chromatography cleanup. Most of the PCB samples were analyzed following procedures previously described by Bopp et al. (1) . Total PCBs are generally reported as the sum of 18 individual packed column peak components ranging from dichlorobiphenyls through decachlorobiphenyl (2). This was not the case for Jamaica Bay (Figure 1, site 10 ) where, because of interfering peaks on the chromatograms, PCB levels were estimated as described elsewhere (4) . At main-stem Hudson site 1 (Figure 1 (7) and analyzed by a congener-specific method (8) similar to 91-11 (6) . Chlorinated hydrocarbon pesticides were analyzed following procedures reported elsewhere (1) . Levels of chlordane are reported in terms of y-chlordane, which comprises about 15% of technical chlordane (9) Figure 1 ). In both cases, the known history of discharge provides additional dating information in sediments from nearby sampling sites (2, 14) . A near-ideal depth profile of fallout 137Cs activity in a sediment core from the Batten Kill, a major tributary of the upper Hudson ( Figure 1 , site 2) is shown in Figure 2 . On the basis of three time horizons noted in Figure 2 , approximate dates of deposition can be assigned to individual core sections. The net sediment accumulation rate in this core is about 0.6 cm/year. Water content ranged from 51 to 69% with no regular down core trend, indicating a fairly constant mass accumulation rate of about 0.3 g/cm2/year. Such areas of undisturbed, continuous, relatively rapid sediment accumulation that yield readily interpretable depth profiles of 137Cs activity are most useful for studying temporal trends in contaminant levels. This paper focuses on samples from about 20 York City municipal water supply system. Contamination in these systems should include contributions from atmospheric inputs and suburban, rural, and agricultural runoff, as well as any direct inputs. Because direct and runoff inputs of PCBs and dioxins to the reservoirs are expected to be small, these sampling sites are useful for determining a reasonably well-constrained upper limit on regional atmospheric inputs of these contaminants.
Results and Discussion
Basinwide data on the levels of total PCBs, 2,3,7, 8-tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD), octachlorodibenzo-pdioxin (OCDD), p,p'-DDD, and y-chlordane in sediments are presented in Figures 3 to 7. To simplify the presentation of temporal data, two time horizons are represented: the mid-1960s and the mid-1980s to mid1990s. The later samples were either surface sediment samples with detectable activity of 7Be or suspended matter samples (sites 11 and 13). The year of collection at each site is indicated on each figure. These samples are, in general, the most recent samples that have been analyzed at each site. Mid-1960s samples correspond to core sections with peak activities of fallout 137Cs.
One of the most striking general characteristics of the data is the dramatic decline in levels of most contaminants at most sites between the mid-1960s and more recent samples. The improvement in PCB and chlorinated hydrocarbon levels in sediments along the main stem of the Hudson and in Jamaica Bay and in levels of 2,3,7,8-TCDD in sediments from western NY/NJ harbor have been discussed in detail elsewhere (2) (3) (4) 21) . These trends reflect the success of efforts to limit inputs of contaminants to natural water systems through restrictions on the use of specific compounds, upgrades of municipal sewage treatment facilities, control of 
Polychlorinated Biphenyls
Closer inspection of the PCB data ( Figure  3) (14, 22) . A similar decrease was noted for cadmium derived primarily from a pigment manufacturing plant located upstream of site 1 (14) .
Despite this dilution, detailed component analyses have indicated that between the early 1970s and 1989, roughly twothirds of the PCB deposited in NY/NJ harbor sediments along the main stem of the Hudson (e.g., at site 8) were derived from inputs to the upper Hudson and subsequent downstream transport. The relative strength of this source has decreased over time, and since the mid-1980s, local NY/NJ metropolitan area sources, including discharge of municipal wastewater, appear to be responsible for the majority of PCB loading to the main-stem harbor sediments (2, 14, 23 Relatively low levels of 2,3,7,8-TCDD are associated with wastewater inputs (Figure 4 , sites 9 and 10) and atmospheric inputs to the mid-Hudson River Basin were not detectable in our reservoir sediment samples ( Figure 4 , sites 6 and 7). Also of note are the generally low levels in sediment samples from the upper Hudson basin. This is in sharp contrast to the levels of OCDD ( Figure 5 ), which is associated primarily with combustion sources (24) and sources related to pentachlorophenol (25 
Chlorinated Hydrocarbon Pesticides
Data on pp'-DDD concentrations are presented in Figure 6 . The levels ofp,p'-DDD are again greatest in sediments from the western NY/NJ harbor complex. Con for agriculture and gypsy moth control.
y-Chlordane (Figure 7 ) was undetectable and less than a few parts per billion in sediment samples from the main stem of the 
